subunits A and A' only are modified, this may, of course, be due to an inherent difference in conformation between the A and B subunits or to a conformational change of the B subunits transmitted through the p and/or the r interfaces as resulted from the carboxymethylation of the A subunits. It should be noted that the introduction of a charged group at one of the A subunits has not affected, through the q interface, the carboxymethylation of the other A subunit. It therefore seems unlikely that the removal of a charged group through the decarboxylation reaction from one of the A subunits would affect, also through the r interface, the decarboxylation reaction in the other A subunit. Since, as mentioned above, these photochemical reactions are very sensitive to conformational changes in the enzyme molecule, and no fluorescent derivative is formed when free carboxymethylcysteine and NAD? are u.v.-irradiated even at high concentrations, it would be reasonable to assume that the correct juxtapositions of the carboxymethyl group, the nicotinamide moity of the NAD+ molecule and probably some other side-chain group or groups are essential for the photochemical reaction to take place.
The difference in the stoichiometry of the photochemical reactions leading to the formation of the fluorophore and the subsequent decarboxylation for the rabbit muscle, B. stearothermophilus and the tetrakis-and bis-carboxymethylated yeast enzymes would seem to suggest some difference in the spatial arrangements of the subunits of the respective enzymes. For the Bacillus enzyme, all four subunits are identical, not only in amino acid sequence but also in conformation. The muscie enzyme might exist, as suggested by some authors (MacQuarrie & Bernhard, 1971; Moras et al., 1975) as a dimer of dimers in which the A and B subunits are somewhat different in conformation (Fig. 7) . As for the yeast enzyme, the situation is still more complicated. The tetrakiscarboxymethylated enzyme behaves similarly to the muscle enzyme, whereas the results obtained with the biscarboxymethylated enzyme seem to suggest that even the two A subunits (Fig. 7) may well be slightly different from each other, as are the two B subunits. The difference in behaviour between the tetrakis-and bis-carboxymethylated enzymes may have been caused by the fact that the biscarboxymethylated enzyme itself is already asymmetrical chemically.
The role of the asymmetrical arrangement of the subunits in some proteins is as yet unclear. In this respect, it should be recalled that the two monomers forming the insulin dimer are also different in conformation (Blundell et al., 1971; Peking Insulin Structure Research Group, 1974) . It is possible that such an asymmetrical arrangement is essential to stabilize the oligomeric structure of the protein molecule.
The relation between structure and function of adenine nucleotide-dependent enzymes has been a matter of considerable interest for some years (see, for example, Rossmann et al., 1975; Jeffrey, 1982) . Study of the coenzyme-binding domains of the NAD+-dependent enzymes lactate dehydrogenase, malate dehydrogenase, alcohol dehydrogenase and glyceraldehyde phosphate dehydrogenase led to the suggestion of possible divergence from an original less-specific nucleotide-binding protein (Rossmann et al., 1974) . A comparison of the topologies of some of the NADP+-dependent enzymes (Adams et al., 198 1) suggested they were less closely related to one another.
6-Phosphogluconate dehydrogenase
6-Phosphogluconate dehydrogenase (6-PGDH) has been isolated from both yeast and liver. The enzyme from both sources is dimeric (with mol.wts. 94000-101000) and has no Dalziel (1980) . 6-PGDH from sheep liver has been crystallized (Silverberg et al., 1973) , and a low-resolution (0.6nm) electron density based on two heavy-atom derivatives has been reported (Adams et al., 1977) as well as a 0.6nm study of coenzyme, substrate and inhibitor binding (Abdallah et al., 1979) . A probable main-chain trace, based on the interpretation of a 0.27 nm electron-density map using the heavy-atom derivatives potassium dicyanoaurate(I), KAu(CN),, and potassium tetracyanoplatinate(II), K,Pt(CN),, has been described (Adams et al., 198 1) .
We have recently improved the electron-density map by inclusion (to 0.27 nm) of a third derivative, diamminedichloroplatinum(I1). A schematic of the most probable main-chain topology derived from this map is shown in Fig. 1 . The enzyme has two domains: the larger of approx. 350 amino acid residues contains a large amount of a-helix and an insignificant amount of B-sheet [an all-a unit (Levitt 8c Chothia, 1976) l; the smaller domain of about 100 residues is a /3-a-/3unit.
Although the three-derivative electron-density map reveals a very similar spatial arrangement of p-sheet and a-helices to that seen previously, further detail is apparent in the small domain, and certain chain connections have been modified. Some ambiguity remains, unfortunately, in the small domain, and two possible chain traces are shown in Figs is all-parallel, but is less consistent with the density and does not connect with the larger domain in the correct sense.
The coenzyme binds to the small domain of 6-PGDH, which contains Pa-B structure. Fig. 1 shows the difference electron density corresponding to 0.6 nm data for NADP+ together with a possible skeletal model. The adenine is at the enzyme surface at the edge of the B-sheet and the remainder of the molecule binds in a cleft between the two domains. The nicotinamide is deepest in the cleft and points to the large domain. Unfortunately the limitation of 0.6nm resolution data restricts information to the overall orientation.
A comparison of some NAD+-and NADP-dependent enzymes
Work on the three-dimensional structure of several NADP+-dependent enzymes is now underway; they are shown in Table  1 . There is a wide variation in molecular size and degree of aggregation. The class of enzymes best represented is that in which hydride-transfer occurs through F A D (though phydroxybenzoate hydroxylase is strictly not a dehydrogenase). 6-PGDH is the only representative of the oxidatively decarboxylating enzymes.
In contrast, the group of NAD+-dependent enzymes whose structures have been known for some time are more similar in subunit size, and all transfer hydride directly from substrate to NAD+ (see Table 2 ). The structural elements making up the three-dimensional fold of these enzymes can be represented as in Fig. 3 . In Fig. 3 , the coenzyme-binding domains have been labelled and their very similar topologies are obvious. The folds of the complete subunits of lactate and malate dehydrogenase are similar enough that they may be represented by a single diagram. The unit pA-a-BB-a-& -/ ?, -a-/ 3, +-& with righthanded sheet-helix connections (Sternberg & Thornton, 1976) , has been called a 'dinucleotide-binding site'. By analogy, a single k-/3-a-p unit has been termed a 'mononucleotide-binding site'.
Similar topological diagrams are shown in Fig. 4 for the NADP+-dependent enzymes glutathione reductase (a), p hydroxybenzoate hydroxylase (b), dihydrofolate reductase (c) and 6-phosphogluconate dehydrogenase (d). The topological similarity of domains 1 and 2 of glutathione reductase, both of which contain a four-stranded sheet and two a-helices with right-handed connections, is apparent. The likelihood of gene duplication has been discussed by Schulz (1 980). Domain 1 of glutathione reductase binds FAD, whereas domain 2 binds NADP. The first domain of phydroxybenzoate hydroxylase contains the same unit once more and again binds FAD. So far no success has been reported in binding NADP+ to phydroxybenzoate hydroxylase crystals. It is noteworthy that no other comparable /3-a-/3-a-p unit exists in this enzyme, although domain 2 is primarily a mixed /?-sheet and a single a-helix. The groove which allows access to the active site is between domains 1 and 2.
No diagram has been included for ferredoxin : NADP+ oxidoreductase, since the complete chain trace has not yet been reported. It has, however, been suggested (Sheriff 8c Herriott, 1981) that one domain may be like the FAD-binding domain of glutathione reductase and bind FAD, whereas the other domain, which binds NADP, has a pA-a-8,-a-& -a-&a unit which is topologically most similar to the coenzyme-binding domain of liver alcohol dehydrogenase. A large sheet with six parallel strands and four helices connected right-handedly is found in dihydrofolate reductase. The strand order is, however, different from any previously mentioned, and some strands are interleaved. This is the only domain in this rather small monomeric dehydrogenase. The more probable topology of the coenzyme-binding domain (2) of 6-phosphogluconate dehydrogenase is shown in Fig. 4 
The binding of adenine nucleotides to enzymes
The frequent occurrence of proteins with 8-a-P domains which bind mono-or di-nucleotides has caused much discussion concerning structural relationships and binding requirements. Hol et al. (1978) has emphasized the importance of the positive dipole at the amino end of an a-helix in stabilizing the negatively charged phosphate. The adenine phosphate would be stabilized by the dipole of helix 1 in, e.g., Fig. 3(a) . This approach, which considers one structural requirement, would imply the need for only a single p-c-pa-p unit for mononucleotide binding.
BrandCn (1980) has noted that nicotinamide coenzymes and phosphate-containing substrates frequently bind where there is a ZnZ+ requirement Pr0-W change in direction of laying-down sheet strands, a 'cross-over point'. He concludes that a binding site may be formed from loops connecting the sheet strands, which in this region will be both above and below the sheet plane. Specificity may be obtained by mutations of residues in the loops, while stability is maintained by a conserved sheet.
Although an all-parallel sheet with consecutive adjacent strands and one cross-over is found with great frequency in adenine nucleotide-binding enzymes (or at least a sheet with four adjacent parallel strands), different sheet orders have been observed. The skipping of a strand in dihydrofolate reductase has already been noted. In yeast hexokinase (Shoham 8c Steitz, 1980) , the Fu-8 unit which binds adenine diphosphate, /3,~,/?,.,& of Fig. 5 , has only three adjacent parallel strands.
Similarly a cross-over is probably not essential and there is none in the 6-phosphogluconate dehydrogenase sheet.
There are three requirements for a nucleotide-binding site: (i) a hydrophobic pocket for the aromatic base, (ii) hydrophilic residues to hydrogen-bond ribose hydroxy groups, and (iii) a positive charge to stabilize the phosphate. stretched across the residues joining the carboxy ends of the sheet strands to the helices. The amino end of helix 2 approaches the first phosphate. It is noteworthy that, at least for lactate dehydrogenase (McPherson, 1970) , binding of the adenine fragment is stronger that that of the nicotinamide fragment.
The three binding requirements are thus met; the cross-over, right-handed turn and sheet twist together provide a crevice for binding at the carboxy end of the sheet strands where strand C is raised and approaches helix 3. The amino end of strand C is, however, pointed down and away from helix 3. It is now apparent why half a dinucleotide binding site is not a mononucleotide-binding site: helix 3, which will provide hydrophobic residues for the adenine, is a part of the second half of the unit.
Although an all-parallel sheet with a cross-over is the most frequently observed way of providing the binding site, a hydrophobic cleft between a sheet and a helix can be made differently. The topology of the 6-phosphogluconate dehydrogenase h -8 region shows one way: the anti-parallel connection of two right-handed Pa-8 units provides one helix either side of a sheet which retains some twist. Thus helix 1 and strands 8, and 8, may provide a hydrophobic cleft, while helix 2 would be in a reasonable place to stabilize a phosphate group. A further NADP+-binding site which cannot have an all-parallel /3-c-p region with a cross-over bust be that of phydroxybenzoate hydroxylase. The only conventional nucleotide-binding site is occupied by FAD, and NADP+ binds to the enzyme together with FAD for turnover. It may be significant that for the two observed variant coenzyme sites, those of hexokinase and 6-phosphogluconate dehydrogenase, the details of coenzyme binding are said to be 'different' (Steitz et al., 1981, Abdallah et al., 1979) . It will be of interest to see whether the binding of NADP appears to be 'different' in p-hydroxybenzoate hydroxylase.
In conclusion, the minimum requirement for the most frequently observed mode of coenzyme binding is a sheet with a twist and a helix on either side of it. The adenine portion alone requires only a sheet which twists and a single helix, but one which comes from a Fa-! unit of the second half of the binding site.
The use of two secondary structural units with a given relationship to each other provides a stable site but one which may be modified. Since specificity of binding is required as well as stability for enzyme function (6-phosphogluconate dehydrogenase will not bind NAD+), an analysis of the differences between the various nucleotide-binding sites and the conformations of the bound nucleotides should contribute as much as the observation of similarities to an understanding of enzyme activity.
Since this paper was originally presented, an electron-density map, modified by the procedure of Bhat 8z Blow (1982) has now been interpreted (Adams et al., 1983) . This has resolved the ambiguity shown in Fig. 2 , indicating that the preferred topology (Fig. 2a) 
